We have investigated the effect of constriction on the characteristics of low-pressure glow discharges in argon. In a series of experiments four discharge tubes with plane-parallel electrodes of different diameters (D = 31.4, 20, 10 and 5 mm) and same electrode separation (L 0 = 45 mm) were studied. The discharges were surrounded by floating-potential metal tubes. We measured voltage-current characteristics of the discharges and recorded the spatial intensity distribution of selected spectral lines (Ar-I 750.3 nm, 811.5 nm and Ar-II 476.5 nm) in the electrode gap at current densities 0.2 mA cm −2 j 1 mA cm −2 . We also observed copper lines in the spectrum originating from the sputtering of the copper cathode, even at these relatively low discharge current densities. The 'effective surface' of the cathode-that actively participates in discharge operation-is always smaller than the cathode surface. This results from the radial electric field formed in the cathode dark space due to the accumulation of charges on the metal tube surrounding the discharge. Using a simple model we could calculate the effective cathode diameter (which determines the current density for given current). Taking into account the current density obtained this way, the voltage of the tubes was found to obey the V = f (j/p 2 ) scaling relation. The increasing loss of charge on the metal wall with decreasing tube diameter also resulted in structural changes in the discharge. While at large diameter the cathode dark space and the negative glow filled the interelectrode gap, at low D a positive column-like part was also formed.
Introduction
Glow discharges used in practice have, in most cases, closely placed surrounding walls and cannot be considered as onedimensional structures where the well known similarity relationships [1] can be applied. In other words, the discharges are usually constricted to some extent. Important examples, where the electrodes of opposite polarity are positioned close to each other, include different types of discharge cells [2] [3] [4] [5] [6] [7] [8] used in analytical techniques.
The discharge can be surrounded either by a conducting wall or an insulating wall. The discharge is influenced by the wall-effects (potential distribution on the wall) in both cases. In the case of an insulating wall, the spatial potential distribution on the wall is determined by the axial dependence of the fluxes of charged particles to the wall. When a conducting wall is used, its potential is defined by the particle fluxes integrated over the wall's surface. Due to the increased loss of charge the voltage drop of the discharge near the cathode increases in narrow tubes [1] .
The presence of walls near the cathode results in a significantly decreased current density near the edge of the cathode [9] . The 'effective cathode area' is thus smaller than the 'physical' area of the cathode. This effect influences the electrical characteristics of the discharge and results in a deviation from the well-known scaling relation V = f (j/p 2 ) [1] . The flux distribution over the cathode surface of the species causing the cathode sputtering is also influenced by the walls situated near the cathode. As a result of this, the cathode electrode exhibits a particular crater profile after extended time of discharge operation [9] .
In our previous work we have investigated the electrical characteristics and the light intensity distribution of a 43 mm diameter, flat cathode argon glow discharge where no walls were situated near the cathode-the cathode was mounted into a 6-way metal cross which was used as the anode [10] . The electrical characteristics of the discharge were found to obey the scaling relation V = f (j/p 2 ) [1] i.e. the discharge voltage (V ) was found to be a function of the reduced current density j/p 2 (j and p being the current density and gas pressure, respectively). The ratio of the integrated intensity of light from the negative glow to the electrical input power was also found to scale with j/p 2 [10] . In this paper we present an investigation on the diameter dependence of the electrical characteristics and light intensity distributions of cathode-dominated low pressure argon glow discharges. The aim of the work is to:
(a) establish a relation between the operating conditions (electrode dimension, pressure) and the electrical characteristics of the discharge in the presence of (significant) wall losses; and (b) investigate the effect of constriction on the spatial distribution of light intensity of the discharge.
Section 2 describes the experimental apparatus used in our measurements. Section 3 presents the results of the measurements of electrical characteristics and light intensity distributions, as well as an approximate model of the cathode fall region of the discharge, which takes into account the effect of conducting wall near the cathode. Section 4 summarizes the work.
Experiment
The discharge was established between two flat disk copper electrodes facing each other at a distance of L 0 = 45 mm, and was confined by a floating-potential metal tube placed in a Pyrex envelope, as can be seen in figure 1 . A 0.5 mm slot in the floating tube along the longitudinal direction allowed us to scan the light distribution of the discharge. The 2 mm thickness of the floating tube protected against the deposition of copper vapour on the inner surface of the pyrex tube even after a prolonged time of operation. Four electrode diameters were studied: D = 5, 10, 20 and 31.4 mm. The internal diameter of the floating metal tube (D 0 ) was 0.7 mm greater than each electrode. In the following we refer to the discharge tube by the diameter of the electrodes, but it should be kept in mind that the diameter of the discharge region is greater by 0.7 mm. The background pressure of the vacuum system was ≈10 −6 mbar and the measurements were carried out in standing gas.
The purity of the filling gas and the discharge tube was checked spectroscopically during the measurements.
For each of the tubes the discharge was operated in dc mode, between 0.2 and 1.0 mA cm −2 current density averaged over the cathode surface. The discharge current was kept constant during the measurements by a current generator. The current and the discharge voltage were measured by digital multimeters. No significant drift of the discharge voltage was observed during the measurements.
The light intensity distribution measurements were controlled by a PC. The discharge tube was mounted on a translator equipped with a stepping motor driven by the computer. The discharge light was imaged onto the entrance slit of a 2 m monochromator with a 100 mm focal length quartz lens. A diaphragm of 5 mm diameter was placed in front of the lens to obtain a lateral spatial resolution of ≈0.3 mm. For measurements in the ultraviolet and blue part of the spectrum we used an EMI 6256S photomultiplier tube (PMT), while another PMT of type EMI 9558B was applied for scanning the near-infrared part of the spectrum. The signal of the PMT was fed to a HP54501A digitizing oscilloscope connected to the PC using an IEEE 488 interface. While recording the spectral scans the PC also controlled the wavelength positioning of the monochromator.
Results and discussion
In the experiments the electrical characteristics of the discharges were measured and the light intensity distributions on selected Ar spectral lines (Ar-I 4p' [ were also scanned to obtain information about the excitation of sputtered copper vapour in the discharge. As a result of the increased discharge voltage, considerable sputtering of the cathode was found. We also present a measurement of the sputtered depth profile (along the diameter) for one of the cathode electrodes.
Electrical characteristics of constricted discharges
Our experiments showed that the voltage-current characteristics of the discharges are significantly influenced by the presence of wall losses which depend on the diameter of the electrodes. The voltage-pressure characteristics of the discharges with different tube diameters are plotted in figure 2(a) for j = 0.8 mA cm −2 . As the decreasing diameter results in an increasing loss of charges on the wall, a higher voltage is needed to sustain a given current density. The results show that the discharge voltage at given values of pressure and current density (i.e. at given j/p 2 ) can be adjusted over a wide range by changing the tube diameter. Since the voltage drop occurs mostly within the cathode fall, it influences the ion energy distribution near the cathode surface. Thus the ion energy distribution can significantly be changed by varying the wall losses introduced into the cathode region.
As the cathode region is surrounded by a floatingpotential metal tube (whose potential is close to the anode potential) the current density has a non-uniform distribution over the cathode surface. Near the metal wall a considerable radial electric field is formed, and this radial field directs the electrons to the wall and deflects positive ions towards the axis of the tube. The presence of wall losses also results in a deviation from the V = f (j/p 2 ) scaling relation, as can be seen in figure 2(b) . At low values of j/p 2 the scaling is fairly accurate, but it becomes poor with increasing j/p 2 . This can be explained by increased wall losses as pressure decreases.
Radial current distribution and model
The non-uniform distribution of current density over the cathode surface can also be proven by measuring the surface profile of the cathode after prolonged discharge operation [9] . The cathode is eroded due to the bombardment of Ar + ions and fast neutral Ar atoms that originate from the symmetric charge transfer and momentum transfer processes. The surface profile of the electrode contains some information about the radial flux distribution of the bombarding species. The profile of the 5 mm diameter cathode was determined using a microscope, and is shown in figure 3 . The discharge was operated for approximately 5 h, at 1 mbar pressure and 0.2 mA current, for more than 90% of the time. The surface profile indicates that within d ≈ 1 mm distance from the wall no ion bombardment occurred. In this region some copper deposition was seen through the microscope. The wall of the crater is quite abrupt and the deepest region (being ≈60 µm below the original surface) develops here. The central part of the crater has smaller depth (at ≈ −40 µm) and is relatively flat. The profile, shown in figure 3, agrees well with previously obtained experimental and modelling results [9, 12] .
Model.
In the following we estimate the 'effective cathode diameter' on the basis of a simple model. For this we only consider the cathode dark space (CDS) of the discharge. Although there are several possible mechanisms for electron production at the cathode surface and in the gas phase [13] , in our simple model we can only consider electron emission from the cathode due to ion bombardment.
(The spatial distribution of the flux of energetic Ar neutral atoms-which are also expected to play an important role in electron emission-is expected to be similar to that of Ar + ions [9] .) All the Ar + ions created by electron impact in the CDS reach the cathode, as well as a part of the ions created in the negative glow (NG) [14] . The ions move towards the cathode under the influence of the electric field while they participate in symmetric charge transfer processes. As the ions created in this process start from rest, the motion of ions follows the electric field lines to a good approximation.
The investigated region is limited by the cathode, the CDS-NG boundary and the (floating) wall. The CDS-NG boundary is taken here as a flat surface perpendicular to the tube axis. We approximate the potential at the boundary Having obtained the potential distribution, the electric field lines could also be determined, e.g. by tracing charged test particles. Figure 4(a) illustrates the modelled region and shows the equipotential lines for D 0 = 10.7 mm, L = 3.5 mm, and V = 500 V. In this case the space charge deformation of the potential distribution has not yet been included. Figure 4 (a) also shows the trajectories of Ar + ions starting from the outermost region of the negative glow. It is obvious from the figure that no significant ion bombardment will occur on the cathode surface nearer to the wall than the points where these trajectories arrive. The trajectories define an 'effective cathode surface' of diameter D * smaller than the tube diameter D 0 . Assuming zero space charge the ratio D * /D 0 exclusively depends on the aspect ratio L/D 0 (thus L/D 0 can be considered as a similarity parameter). Based on the light intensity distribution measurements-to be presented in the next section-L/D 0 0.5 holds for most of the data. The length of the CDS was determined from the light intensity distributions, as the distance between the cathode surface and the peak of the negative glow [17] . In the above range of L/D 0 , the ratio D * /D 0 can be given by
with α = 1.11, within a few percent of accuracy (see figure 4 (b)). A better approximation is obtained for D * /D 0 if we take into account space charge accumulation in the CDS, limited in radial direction by the trajectories indicated by the shaded region in figure 4(a) . The calculations show that D * /D 0 increases as the (ion) space charge (n + (x, r)) is taken into account. (Due to the high velocity of electrons in the CDS the density of electrons is orders of magnitude lower than that of the positive ions.) The radial distribution of n + was assumed to be homogenous near the cathode surface and was approximated by the J 0 Bessel function at the CDS-NG boundary. In our calculation we used a linear combination of these two approximations to obtain an 'x'-dependent function for the space charge density distribution.
Consideration of the space charge in our model can be simplified by introducing another similarity parameter 
where the parameter β is obtained from the calculations as β = 3.26 × 10 −9 V m.
In the following step the space charge is estimated as a function of the parameters measured in the experiment. This is done in an approximate way, on the basis of a onedimensional discharge. As found both experimentally and theoretically, for a one-dimensional discharge, the electric field distribution decays linearly from the cathode surface to the CDS-NG boundary. This implies a uniform space charge density n + (x) = n + 0 according to dE/dx = −(e/ε 0 )n + (x) (where e is the elementary charge and ε 0 is the permittivity of free space). The electric field at the cathode is then E 0 = 2V /L and the space charge density is given by (e/ε 0 )n
We use this value of n + 0 in the model. Substituting this value into (2) and using (1) we obtain:
with β = 2(ε 0 /e)β. Our earlier study showed the length of the CDS (L) scales as pL ∝ (j/p 2 ) −0.2 [10] . In the present experiment an even weaker dependence of L on j and p was observed. At current densities in excess of 0.4 mA cm −2 L was practically independent of j (it was usually within the uncertainity of the measurement); only at lower current densities did we observe a slightly longer cathode fall. Thus the length of the CDS can be well approximated as L = 2.6 mm mbar/p. Substituting L into (3), D * can be obtained. The 'inactive' region of the cathode extends from the wall to a distance:
where p is given in mbar and D 0 in mm. This expression already enables us to calculate the current density j * = I /(D * 2 π/4) from the experimental data for the discharge current I . We have found that in order to obtain good scaling with j/p 2 a greater d must be used, the best agreement was obtained for 1.85 times greater d than given by (4). A likely explanation for this-besides the simplifications used in the model-is that in the model we calculated d from the trajectories of ions starting from the outermost positions of the NG. However, as the ion density decays towards the walls in the NG, only a low ion flux is expected to start at the wall. Moreover, electrons liberated from the cathode at distance d from the wall will be deflected to the wall by the radial electric field, thus creating fewer ions starting near the wall. Also, all the data measured with the different diameter tubes were found to satisfy the same scaling relation, and the data show good agreement with the results of previous measurements on a non-constricted discharge [10] , as it is shown in figure 5(b) . In the experiment reported in [10] copper was also used as cathode material; the slight difference between the present data and those given in [10] may be attributed to different surface conditions of the electrodes.
The diameter of the crater on the 5 mm diameter cathode, shown in figure 3 , (D * ≈ 3 mm) is also in good agreement with the results of the simple model presented above. figure 6 for the D = 31.4 mm diameter tube, for p = 0.6 mbar and j = 1 mA cm −2 . The cathode is located at x = 0 and the anode is at x = 45 mm, here and in all the forthcoming figures. The negative glow created by electron impact excitation shows peak intensity around 5-6 mm distance from the cathode. The peak intensity at the cathode corresponds to the cathode glow created by heavy particle excitation. Both the 750.3 and 811.5 nm lines (especially the latter), belonging to the 4p → 4s transitions of Ar-I, are sensitive to excitation by heavy particles [15] . Heavy particle excitation includes collisions of fast Ar + ions and fast neutral atoms with the atoms of the background gas. The cross section for heavy particle excitation increases steeply with projectile (Ar + fast , Ar fast ) energy [15] . our experiments, in agreement with earlier observations [10] .
Axial light distribution measurements

Argon line emission. The spatial distribution of the investigated Ar lines is plotted in
The effect of discharge constriction (decreasing tube diameter) on the spatial distribution of the 750.3 nm line intensity is illustrated in figure 7 . The intensity ratio of the cathode glow to the negative glow increases with decreasing tube diameter. This can be explained by the increasing discharge voltage, which yields faster Ar + ions, neutral atoms and increased cathode glow. (The intensity of the negative glow decreases with decreasing tube diameter as the light is collected by the optics from a smaller volume.) It is noted that the length of the CDS (L) does not show a considerable dependence on discharge tube diameter.
With decreasing tube diameter the structure of the discharge changes considerably: a positive column-like part of the discharge gradually develops near the anode. This part was first observed for the D = 10 mm tube and gets longer with decreasing diameter. In the following we shall call this part of the discharge 'positive column' because of its location (it develops on the anode side of the discharge, its length increases as the cathode region narrows) and because of the preferential excitation of atomic lines here (the excitation of Ar-II lines is very weak here as will be shown later). On the other hand, it should be kept in mind that this region- confined by a metal tube-differs from the 'classical' positive column surrounded by dielectric wall. The relative intensity of the positive column to the intensity of the light in the cathode region increases with decreasing diameter. At D = 5 mm the peak intensity of the 750.3 nm line in the positive column is three times higher than in the negative glow, as can be seen in figure 7 . It is also noted that at low tube diameter the decay of the negative glow becomes non-exponential, as is illustrated in the inset of figure 7. The cause of this behaviour needs further investigation.
The current of the discharge also influences the spatial structure considerably. This is illustrated in figure 8 where the spatial scans of the 750. finally almost disappears at 1 mA cm −2 . The dependence of the length of the positive column L PC on discharge tube diameter and current density is displayed in figure 9 for p = 1 mbar. Figure 10 shows the spectrum of light emission in the 360-480 nm wavelength range, recorded at different positions of the discharge having 5 mm diameter electrodes. Despite the low current very good signal to noise ratio was obtained. Figures 10(a), (b) and (c) show the spectra obtained at the peak of the cathode glow, negative glow and positive column, respectively. The spectra were corrected with the wavelength dependent sensitivity of the PMT. The richest spectrum is obtained in the negative glow where highenergy electrons excite the atomic and ionic lines. Near the cathode the light emission is generally weaker, but the Ar-II spectrum is still contained in the scan. At this low current, part of the excitation near the cathode is also attributed to electron impact; only few of the lines have relatively higher intensity compared to that in the negative glow. These lines are preferentially excited by heavy particle impact. No emission on ionic lines can be observed in the positive column spectrum ( figure 10(c) ); however Ar-I lines around 420 nm have high intensity here. Spectral recordings in the near infrared part of the spectrum (680-840 nm) were also carried out. The spectrum in this wavelength region is dominated by a few strong atomic Ar lines (belonging to the 4p → 4s system of Ar-I) which are efficiently excited in the cathode glow. Figure 11 shows the spectra obtained from the different parts of the discharge for the tube with D = 5 mm diameter electrodes. The strong near-infrared lines are excited in the negative glow as well as in the positive column, to an intensity comparable to that in the cathode glow. The excitation in the cathode glow and negative glow in the case of the greater diameter tubes showed similar behaviour. These spectra were also corrected with the wavelength dependent sensitivity of the PMT. The relative sensitivity of the two PMTs was also determined experimentally. Thus the intensities of the different parts of the spectrum shown in figures 10 and 11 are directly comparable.
Copper line emission.
Despite the relatively low current densities applied to the discharge we observed intense light emission of some copper atomic lines in the spectrum, indicating the presence of copper vapour produced by cathode sputtering. The line intensity measurements were carried out for the 324.8 and 510.6 nm transitions, in the case of the largest diameter tube (D = 31.4 mm). Figure 12 these transitions, for different currents at 0.6 mbar argon pressure. It is noted that besides the conditions for excitation also the axial distribution of Cu vapour density influences the intensity distribution of copper lines. The intensity of the light increases steeply with increasing current density, but copper lines investigated are not excited in the cathode glow. However, they are excited close to the cathode surface and there is a steep rise of the emission at the CDS-NG boundary. The 324.8 nm line has a longer decay length compared to the 510.6 nm line; this can clearly be seen on the graphs corresponding to 1 mA cm −2 current density. The dependence of the light intensity distribution on the 324.8 nm transition on the gas pressure is illustrated in figure 12(c) . The behaviour is the same as observed for the argon lines.
Earlier studies on the cathode region of an argon glow discharge have shown that the ratio of the integrated light intensity (I L ) from Ar-I and Ar-II lines to the electrical input power (P E ) is a function of j/p 2 [10] . This scaling was checked here for the Ar-II 476.5 nm line and the Cu-I 324.8 nm line, for the D = 31.4 mm diameter tube. The results are shown in figure 13 ; the data are presented as a function of j * /p 2 . The argon ion line obeys the scaling relation (moreover I L /P E is approximately constant), but the data for the 324.8 nm copper line does not show the universal relation. For a given value of j * /p 2 higher intensity is found for higher pressures. In our case the highest Cu-I 324.8 nm emission intensity can be obtained at low values of pressure.
Conclusions
We reported studies of electrical charactersitics and spatially resolved light intensity distributions on Ar-I, Ar-II and Cu-I lines of low pressure argon discharges having considerable loss in the cathode region due to wall losses. The experiments were carried out with different diameter discharge tubes while the electrode separation was kept constant at L 0 = 45 mm. The discharges were confined by floating metallic walls.
For constant current density (averaged over the cathode surface) the decreasing discharge tube diameter resulted in gradually increasing discharge voltage. We found that this increase of voltage can be attributed to the decreasing ratio of 'active' cathode diameter to 'physical' cathode diameter when the tube diameter is decreased. Due to the strong radial electric field developing near the edge of the cathode the primary electrons cannot produce a sufficient number of ions to build up a significant space charge there. As the ion density is low near the walls and because the Ar + ions move approximately along the electric field lines the number of primary electrons is small near the walls. The microscopic investigation of one of the cathode electrodes confirmed that Using a simple model of the cathode region and solving the Laplace-Poisson equation we could quantitatively determine the active cathode surface diameter (D * ) for the discharge conditions covering our range of studies. The current density values j * calculated as I /(D * 2 π/4) were found to obey the V = f (j * /p 2 ) universal scaling relation for all the discharge tubes, and were in good agreement with previously obtained experimental results on a non-constricted discharge [10] . The experimentally obtained crater profile of the 5 mm cathode also showed good agreement with the calculated effective cathode diameter.
The approximate relation describing the reduction of the active cathode area at different discharge conditions may be applicable for a wide range of discharge applications where the cathode is surrounded by a wall. Besides this, the present experimental results on line intensity distributions in discharges having considerable loss in the cathode region may be of further help in the validation of coupled hybrid (fluid + Monte Carlo) and collisional radiative models, which make it possible to calculate the spatial distribution of spectral line intensities including buffer gas (e.g. Ar) and sputtered metal (e.g. Cu) transitions [17] [18] [19] [20] .
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